Background and purpose: Vascular risk factors have been associated with decreased cerebral blood flow (CBF) but this is etiologically nonspecific and may result from vascular insufficiency or a response to decreased brain metabolic activity. We apply new MRI techniques to measure oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen consumption (CMRO 2 ), hypothesizing that decreased CBF related to these vascular risk factors will be associated with increased OEF, confirming a primary vascular insufficiency. Methods: 3T MRI was obtained on 70 community-based participants in this IRB-approved study with informed consent, with previous assessment of systolic blood pressure, hypertension medication, elevated serum triglycerides, low serum HDL, and diabetes mellitus. CBF was measured using phase contrast adjusted for brain volume (ml/100 g/min), OEF (%) was obtained from T2-Relaxation-Under-Spin-Tagging (TRUST), and CMRO 2 (lmol/100 g/min) was derived using the Fick principle.
Introduction
Many uncertainties remain about the nature of the link between vascular risk factors, cerebral blood flow (CBF), and subsequent risk of dementia. Decreased CBF has been noted in association with vascular risk factors including increased blood pressure, diabetes, low high-density lipoprotein (HDL), and high triglycerides. [1] [2] [3] [4] [5] As a result, CBF has been proffered as an imaging biomarker of cardiovascular risk. Neuronal metabolic demand and CBF are linked by neurovascular coupling, 6 however, so diminished CBF may be due either to a primary hemodynamic impairment or secondary to brain hypo-metabolism due to neurologic insult. 7 Little is known about the impact of vascular risk factors on brain metabolic rate. A multifactorial data-driven analysis of more than 1100 individuals from the Alzheimer's Disease Neuroimaging Initiative suggested vascular dysregulation may be the earliest and strongest pathologic insult in development of dementias such as late-onset Alzheimer's disease, preceding amyloid deposition and decreased metabolism. 8 Insults to the brain vasculature may also result in neuronal injury without causing hypoperfusion by damaging the blood-brain barrier and exposing the brain parenchyma to neurotoxic elements in the blood. 9 Characterization of brain vascular function beyond assessment of CBF alone can better specify the presence and severity of primary vascular insult.
Cerebral hemodynamic impairment progresses in stages that have characteristic alterations of different vascular parameters. 10 Arteriosclerotic remodeling that diminishes luminal area and increases vascular resistances is initially countered by autoregulation, which maintains CBF by dilating smooth muscle in resistance vessels. With progressive insult, there is a loss of reserve mechanisms and autoregulatory capacity is exhausted. As CBF declines, oxygen tension in the tissues decreases and more oxygen is extracted from the blood within the capillaries, which maintains the cerebral metabolic rate. The amount of oxygen extracted as it passes from arteries into the veins may be quantified as the oxygen extraction fraction (OEF). After this mechanism is also overwhelmed, the ability to maintain tissue metabolism is compromised and cell injury and death may ensue. The amount of oxygen used by the tissue provides a measure of the cerebral metabolic rate (CMRO 2 ), which can be quantified on magnetic resonance imaging (MRI) from the product of CBF, OEF, and the oxygen-carrying capacity of blood using the Fick principle. With a decrease in CMRO 2 related to diminished brain activity, there is less utilization of oxygen and OEF does not increase as neurovascular coupling reduces CBF.
New techniques have now been developed to permit a similar, more comprehensive profiling with MRI. In this study, we sought to clarify the associations between vascular risk factors previously shown to correlate with decreased CBF using MRI while also evaluating its relation to OEF and CMRO 2 using new techniques. The presence of vascular risk factors in mid-life more strongly confers risk for dementia than risk factors assessed later in life according to a systematic review of longitudinal population-based studies. 11 Unfortunately, to observe meaningful differences within a reasonable observation period most studies of dementia enroll individuals later in life and reliable risk factor data from mid-life are not accessible. We therefore assessed individuals from a communitybased cohort with vascular risk factors assessed in mid-life against subsequent vascular function on MRI as they transition to late life.
Objective
We test the hypothesis that mid-life vascular risk factors associated with a decrease in CBF reflect a primary vascular insult as evidenced by a paired increase in OEF. A secondary aim was to determine the impact, if any, of these risk factor(s) on CMRO 2 . We therefore evaluated the relationships between vascular risk factors among 70 participants from a multi-ethnic community-based cohort with CBF, OEF, and CMRO 2 on MRI.
Participants and methods

Participants
We evaluated the relationship between presence of midlife vascular risk factors among 70 participants, 36 female, drawn from a previously established multiethnic community-based cohort 12 with CBF, OEF, and CMRO 2 on MRI acquired six years later. Demographic characteristics are given in Table 1 , with depiction of mean and standard deviation for continuous data. At time of exam median age was 67 years (interquartile range (Q1-Q3): 64-71, minimum 56, maximum 82). The University of Texas Southwestern (UTSW) Alzheimer's Disease Center initiated a follow-up study, mailing invitations to participants currently over the age of 55 with targeted enrollment of 150. Grant support was provided to obtain MRI for 70 individuals, a number shown sufficient in prior publications to identify associations between vascular risk factors we study here with CBF. Participants were recruited for this imaging study in a sequential fashion as individuals were scheduled for follow-up evaluation by the Alzheimer's Disease Center. Individuals in this study were non-demented, per formal cognitive testing by the UTSW Alzheimer's Disease Center, and had no history of heart attack or evidence of large-vessel stroke on prior brain MRI. These findings were infrequent (<5%) in the overall cohort but will result in a healthier sample in this imaging study. The UTSW institutional review board approved the study and all participants provided written informed consent.
Vascular risk assessment
Vascular risk factors were selected based on prior reported associations with CBF [1] [2] [3] [4] [5] and included hypertension, broken down into observed blood pressure and presence of hypertension treatment to evaluate 13 Diabetes mellitus was defined by either self-report accompanied by use of anti-hyperglycemic medication or by elevated serum glucose (fasting > 126 mg/dl (7.0 mmol/l) or by non-fasting glucose > 200 mg/dl (11.1 mmol/l)).
14 Hypertension treatment was self-reported.
Imaging details
Imaging was performed on a 3T MRI scanner (Achieva, Philips Medical Systems, the Netherlands) using a body coil for radiofrequency transmission and an eight-channel sensitivity encoding head coil for receiving. Time Blood T2 values are derived from T2-RelaxationUnder-Spin-Tagging 15, 16 (TRUST) MRI and are used to derive oxygenation level via reference to a calibration plot obtained from in vitro experiments with blood of varying oxygenation. 16 TRUST imaging was acquired from a slice parallel to the anterior commissure-posterior commissure line roughly perpendicular to the superior sagittal sinus approximately 20 mm above the confluence of sinuses. Post-sat TRUST sequence parameters: TR ¼ 3000 ms, inversion time (TI) ¼ 1200 ms, voxel size ¼ 3.44 Â 3.44 Â 5 mm 3 , four different T2-weightings with estimated TEs of 0 ms, 40 ms, 80 ms, and 160 ms, inter-echo spacing in CarrPurcell-Meiboom-Gill sequence (sCPMG) ¼ 10 ms, scan duration ¼ 1.2 minutes. The labeling slab was 100 mm in thickness and was positioned 22.5 mm above the imaging slice.
CBF is total CBF adjusted for brain volume with units of ml/100 g/min. Y a ÀY v gives the difference in % oxygen saturation between the (systemic) arterial input and (sagittal sinus) venous blood outflow. The OEF may be derived as OEF
where Y a ÀY v gives the difference in % oxygen saturation between the (systemic) arterial input and (sagittal sinus) venous blood outflow. Y a is measured using pulse oximetry. Y v was determined using TRUST. 15, 16 Our MRI technique for measuring CMRO 2 has been previously described 17, 18 and is based on the Fick principle of arteriovenous oxygen difference: 19 where Ca is the oxygen carrying capacity of blood, which is almost entirely determined by hemoglobin concentration 20 with 55.6 lmol of oxygen per gram of hemoglobin. 19, 21 For one male and one female hematocrit was not available and values were imputed based on mean for gender. Hemoglobin was derived as one-third the hematocrit value.
Data analysis
Statistical analyses were performed using JMP Pro 12.1.0 (SAS Institute Inc, Cary, NC). Demographic and clinical characteristics for the overall sample were described using the sample mean and standard deviation for continuous variables and the frequency and percentage for categorical variables. A sex difference in hematocrit in our sample was confirmed by t-test. Vascular risk factors previously associated with CBF alterations in the literature were tested to identify those that best predicted CBF differences in our cohort. Age, sex, and hematocrit were included as adjustment variables. Age, systolic blood pressure, and hematocrit were evaluated as continuous variables. Binary variables included female sex, diabetes, hypertriglyceridemia, low HDL, and presence of hypertension medication, which were operationalized as the presence or absence of the condition (with ''absence of the condition'' being the reference group). We performed a forward stepwise regression model predicting CBF that minimized the Akaike information criterion value. We then evaluated the associations for the same predictive model with OEF as the primary and CMRO 2 as exploratory dependent variables.
In post-hoc analysis, we further explored the relationship between CBF and systolic blood pressure by comparing models of their relationship with simple linear correlation and using a least squares spline fit (with variable smoothness by manipulating lambda factors to best fit the association without excessive local variability). Since female sex was a significant adjustment factor in our CBF model, and sex differences have been noted in CBF and cerebral autoregulation, 22 we added interaction terms for female sex with systolic blood pressure and high triglycerides to our selective fit model of CBF. For significant interactions, we further explored the difference in their prediction of CBF for women and men separately with simple linear correlation. To assist in interpreting the relationships between hemodynamic parameters, we explored the associations of CBF with OEF and CMRO 2 in linear correlation; for CMRO 2 we repeated the analysis with one outlier having extreme high CBF (and systolic blood pressure).
Results
Characteristics of study participants used in linear regression modelling are given in Table 1 
We compare the values for systolic blood pressure and high triglycerides in predicting CBF, OEF, and CMRO 2 in Table 2 . The plots of CBF, OEF, and CMRO 2 for a given systolic blood pressure adjusted for other variables in the model are shown in Figure  1 ; values of CBF, OEF, and CMRO 2 with and without hypertriglyceridemia adjusted for other model variables are shown in Table 3 .
The linear fit between systolic blood pressure and CBF appeared suboptimal because of a steeper slope for CBF at the higher levels of systolic blood pressure as demonstrated in Figure 1 . Exploring this relationship, we found a simple linear correlation of CBF and systolic blood pressure resulted in a model fit ( p ¼ 0.004) with adjusted R-squared of 0.10 compared with 0.25 for a cubic spline (lambda smoothness parameter of 10,000), which followed the data points more closely with an apparent inflection point at around systolic blood pressures of 150-160 mmHg as shown in Figure 2 . We evaluated for an interaction for female sex with systolic blood pressure and high triglycerides in a regression model predicting CBF based on optimizing Akaike information criterion: CBF ¼ 93. 
Discussion
Hypertriglyceridemia was associated with decreased CBF and increased OEF, which is consistent with suboptimal blood flow necessitating greater utilization of oxygen reserve capacity in the blood. While this compensatory mechanism allowed CMRO 2 to be preserved, it may still indicate a susceptibility for ischemic insult as lower oxygen pressures in the tissues are needed for greater extraction from the blood. Lower oxygen tension in the tissues may confer risk for chronic ischemic insult. Increased systolic blood pressure was associated with a relative excess of CBF resulting in decreased OEF and no change in CMRO 2 . This association was particularly prominent above systolic blood pressures 150-160 mmHg, at which an inflection point was seen in a cubic spline fit. This suggests imperfect cerebral autoregulation in our sample among those with systolic blood pressure in hypertension ranges above 150-160 mmHg.
Triglycerides, also known as fats, are an important energy source that are stored in adipose tissue. High triglycerides are often found in association with other vascular risk factors including obesity, elevated fasting blood glucose, increased total cholesterol, and inflammatory markers such as C-reactive protein and erythrocyte sedimentation rate. 23 In addition to indicating the likely presence of other vascular risk factors, increased triglyceride levels are an independent risk factor for atherosclerotic disease including coronary heart disease 23 and ischemic stroke. 24, 25 High triglyceride levels can result in increased effective vascular resistance by increasing the viscosity of blood 26 and have been associated with decreased cerebral perfusion pressure 5 and presence of leukoaraiosis, 27 a type of microvascular brain insult. In a cohort with metabolic syndrome, diminished CBF related to hypertriglyceridemia and obesity was shown to mediate memory impairment. 28 In our study we showed that diminished CBF in hypertriglyceridemia likely reflects a primary vascular phenomenon with increased OEF, which carries risk of ischemic insult. Even while CMRO 2 is preserved there may remain tissues with dangerously low oxygen tension due to diffusion and solubility limitations of oxygen in brain tissue; large, possibly exponential, increases in CBF may be needed to ensure proper oxygenation throughout all the brain tissue including within ''lethal corners'' as oxygen content drops along a capillary and radially outward into the tissue. 29 This has potential implications for understanding therapies as apparently ''adequate'' perfusion may yet confer risk in some regions. Fortunately, treatment to lower serum triglycerides has been shown to increase CBF with potential benefits in preserving cognitive function. In asymptomatic middle-aged individuals, treatment with atorvastatin-which decreases cholesterol and triglycerides-resulted in an increase in CBF. 30 In an elderly cohort with symptoms of occlusive cerebrovascular disease, participants were randomly assigned to gemfibrozil to lower triglycerides. 31 At six-month follow-up those in the treatment group showed an increase in CBF and preservation of cognitive function whereas those in the control group had no change in CBF and a decrease in cognitive function.
Hypertension is associated with decreased CBF in most studies, though some have shown a similar increase as seen in our study. 32 The difference is likely attributed to an interplay between a short-term impact of elevated blood pressure to increase perfusion pressure and CBF and a long-term remodeling that increases vascular resistance and decreases CBF. The elevated CBF in our study exceeded metabolic demand as indicated by the diminished OEF. Indeed, we noted a strong negative correlation overall in the study between CBF and OEF. The elevation in CBF with higher systolic blood pressure in our study likely indicates imperfect cerebral autoregulation, which is recognized to occur even within the normally accepted range of 60 to 150 mm Hg cerebral perfusion pressure. 6 Cerebral perfusion pressure is the difference between mean arterial pressure ((systolic blood pressure þ 2 Â diastolic blood pressure)/3) minus intracranial pressure 33 (normal 7-15 mmHg supine). 34 The highest mean arterial pressure in our sample at time of MRI was 131 mmHg, which is within the classic autoregulation threshold for cerebral perfusion pressure even without accounting for intracranial pressure. 
Failure of autoregulation is important as increased
CBF beyond what is needed may be harmful as it exposes the microvasculature to excess pulsatility, which promotes vascular remodeling that increases resistance 35, 36 and leads to hypoperfusion. [37] [38] [39] In further exploring our data, we found a significant interaction for female sex. Splitting the analysis into men and women, we found that increased CBF with greater systolic blood pressure was significant only for women ( p ¼ 0.0009), not for men ( p ¼ 0.9). In looking at Figure 3 , only one man had CBF above 75 compared with eight women. The women in our study were all post-menopausal and this may suggest they are susceptible to hypertension-induced failure of autoregulation. The women in our group had a wider range of blood pressures than men, and it is possible that sex differences we observed in autoregulation may be due to sex differences in hypertension prevalence in our sample and not an underlying susceptibility to hypertensive damage; further prospective studies are needed for confirmation.
While CBF is known to be responsive to changes in neuronal metabolic demand, 6 a recent study by Cha et al. showed limited correlation between CBF and CMRO 2 between individuals at rest. 40 In distinction to that study, we did observe a trend ( p ¼ 0.06) between resting CBF and CMRO 2 that became significant ( p ¼ 0.0005) with the exclusion of an outlier with systolic blood pressure of 181 mmHg and CBF above 100 ml/100 g/min. Despite the importance of neurovascular coupling, factors aside from metabolic rate may influence CBF through direct insults to the cerebral vasculature. To date, only a few studies with modest sample sizes have studied the impact of vascular risk factors on CBF and shown how this may affect metabolic rate. Of these, several studies were performed in patients with history of stroke or transient ischemic attack and the associations may not be widely generalizable to asymptomatic individuals. These prior studies used invasive and costly nuclear medicine imaging approaches not widely available; similar assessments have not previously been feasible with MRI. The findings to date, particularly among asymptomatic individuals, are inconsistent. A positron emission tomography (PET) study by Mentis et al. of 42 men (average age 68 years), found that those with well-controlled hypertension had decreased metabolic rate in the anterior circulation. 41 A small retrospective PET study by Fujii et al. of 15 patients (average age 61) with transient neurologic symptoms showed decreased CBF and CMRO 2 and increased OEF in those with hypertension. 42 A PET study by Nakane et al. also demonstrated decreased CBF and CMRO 2 among those with hypertension among a group of 22 (average age 58) with cerebral infarction. 43 In a smaller group of 13 without brain infarction (average age 62), Nakane et al. saw decreased CBF but no change in CMRO 2 in those with hypertension. 43 To our knowledge, no prior studies have shown changes in brain metabolic rate related to hypertriglyceridemia, though it has been shown to affect CBF. It is hoped that the advent of noninvasive MRI methods to obtain a more complete characterization of vascular hemodynamics will shed further insights into the impact of systemic vascular risk factors on brain health.
There were several limitations to our study. We evaluated only global measures of brain hemodynamics, which may not identify impacts, like a decrease in CMRO 2 , in at-risk regions such as vascular watersheds. We assessed CBF, OEF, and CMRO 2 only once and were therefore not able to evaluate for determinants of change in these brain vascular parameters or assess causality. We focused on the impact of mid-life vascular risk factors that have been more closely linked with subsequent risk for dementia, which may differ from associations in other studies in which brain vascular measures are assessed at the same time as brain assessment, typically later in life. CMRO 2 was derived from measurements of CBF and OEF, and as previously described this showed good agreement with the existing PET literature. 17 Nonetheless, the sensitivity of this MRI method with those of PET requires further study; intrinsic errors and noise both in CBF and OEF measures may be compounded and result in less-accurate assessments. Finally, lack in alteration of CMRO 2 does not exclude the presence of brain insult. Early insults to the brain parenchyma may not result in hypometabolism. Further, the brain may also initially compensate for damage to specialized brain regions by recruiting additional areas to maintain cognitive performance, increasing metabolic rate. 44 
Conclusions
Decreased CBF related to hypertriglyceridemia was accompanied by increased OEF without significant difference in CMRO 2 , confirming an association with subclinical vascular insufficiency. Increased CBF related to systolic blood pressure was associated with decreased OEF, and no change in CMRO 2 , indicating a relative excess in perfusion; the CBF association was most prominent for those with systolic blood pressures above 150-160 mmHg, suggesting limitations in autoregulation with more severe hypertension.
OEF can be obtained noninvasively using MRI without need for intravenous contrast agents and can help to provide specificity to the nature of alterations in CBF when the etiology may be due to a primary vascular etiology or secondary to hypometabolism from neuronal insult. Assessing CMRO 2 further informs the degree of metabolic insult present by indicating whether reserve mechanisms have been exhausted.
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